An electroless plated silver/cysteine sensor platform [Glass|silver|cysteine|aflatoxin B 1 |horseradish peroxidase] for the Electrochemical detection of aflatoxin B 1 was developed and characterized. This involved four major steps: (1) an electroless deposition of silver (plating) onto a glass slide, (2) immobilization of cysteine; (3) conjugation of aflatoxin B 1 to cysteine groups; and (4) blocking of free cysteine groups with horseradish peroxidase (HRP). The binding of cysteine to the silver was demonstrated by the disappearance of thiol (S-H) groups at 2500 cm −1 using Fourier transmittance infrared spectra (FT-IR), while the subsequent steps in the assembly of sensor platform were monitored using both FT-IR and cyclic voltammetry, respectively. The sensor platform exhibited a broadened nonsymmetrical redox couple as indicated by cyclic voltammetry. The platform was further characterized for sensitivity and limit of detection. The indirect competitive immunoassay format, whereby free and immobilized aflatoxin B 1 on the sensor competed for the binding site of free anti-aflatoxin B 1 antibody, was used at various concentrations of aflatoxin B 1 . The sensor generated differential staircase voltammogram that was inversely proportional to the concentration of aflatoxin B 1 and aflatoxin B 1 in the range of 0.06-1.1 ng/mL with a detection limit of 0.08 ng/mL could be detected.
Introduction
Several methods have been described for the detection of aflatoxins in foodstuff and feeds [1] ; including, among others, such methods as thin-layer chromatography (TLC), highperformance liquid chromatography (HPLC), and immunoassay based methods. Immunoassay methods, which became widely popular during late 1970s, rely on the specificity of binding between antibodies/receptors and antigens/ligands. The high affinity and specificity of antibodies/receptors for antigens/ligands have been used in the development of the various immunochemical methods [2] . The formation of either the antibody-antigen or the receptor-ligand complexes can be quantified by following the change in the absorbance of photons of light energy spectrophotometrically. In other instances, the binding events, as well as the resultant complexes, may require amplification for better signal recognition. This has been achieved by using various labels comprising enzymes (as for the enzyme-linked immunosorbent assay (ELISA)), fluorophores, and radioisotopes (as for the radioimmunoassay (RIA)), among others. The application of immunochemical methods for determining aflatoxin B 1 in peanuts was reported by Langone and Van Vunakis, [3] using solid phase radioimmunoassay (RIA). Several other investigators have also reported the use of monoclonal antibody in immunoaffinity column assay (ICA) and ELISA for 2 Journal of Sensors determining aflatoxins in peanuts [4] . The advantages of immunoassays included high level of specificity and sensitivity even in the presence of contaminating materials and ease of sample preparation, as well as usage and low cost. However, the requirement for molecular labels, expensive equipment, and cumbersome multiple washing steps necessitated the development of more user-friendly devices.
Thus, immunosensors, which are biosensors that also rely on either antigen-antibody or receptor/ligand interaction to generate detectable signals, were developed. As a matter of fact, Immunosensors have proved to be self-sufficient integrated devices that use biological recognition element retained in direct spatial contact with a transduction element, to provide precise quantitative or semiquantitative results [5] . Moreover, immunosensors exhibit high sensitivities, with detection limits below 0.1 ng/mL [6] . Several electrochemical immunosensors have been developed through immobilization of antibodies onto the surface of an electrode and have been reported for detection of aflatoxins [7] [8] [9] . Nevertheless, some of them require labels for electrochemical transduction. To overcome the requirement of a label, labelfree biosensor platforms such as optical waveguide [10] , surface plasmon resonance platforms [11, 12] , and electrochemical immunosensor have been developed. Although the two label-free platforms are highly sensitive and with detectable ranges between 0.5 and 10 ng/mL for aflatoxins, the devices operating these platforms are still expensive and not deployable in the field [1] . The aim of the study was to develop and characterize an electroless plated silver/cysteine sensor platform operating on a label-free format, for the detection of aflatoxin B 1 in foodstuff and feeds, as well as the construction of a field-deployable devise operating on this platform appropriate for field analysis of aflatoxin B 1 . The development and characterization of an electroless plated silver/cysteine sensor platform [glass|silver|cysteine|aflatoxin B 1 |horseradish peroxidase-blocked] is herewith reported.
Materials and Methods

2.1.
Reagents, Materials, and Apparatus. All chemicals and reagents used were purchased from Sigma and all were, unless stated, of analytical grade. Acetate buffer (0.1 M, pH 6.5) was prepared from stock solutions of CH 3 COONa, CH 3 COOH, and KCl. Silver ammonia (Ag(NH 3 ) + ) solution (5%, w/v) was prepared by dissolving 0.5 g of Silver nitrate in 10 mL of absolute ammonia solution. Sodium hydroxide (10%, w/v) was prepared by dissolving 5 g of NaOH in 50 mL of deionized water. Piranha solution contained 3 parts of concentrated sulphuric acid and 1 part of hydrogen peroxide in the ratio. D-glucose (5%, w/v) solution was prepared by dissolving 2.5 g of D-glucose in 50 mL of distilled water. Lcysteine (analytical purity) was obtained from Nutritional Biochemical Corporation (USA 2+ ) solution, 2.5 mL 10% (w/v) sodium hydroxide (NaOH), and 2.5 mL of 5% (w/v) D-glucose. Aflatoxin B 1 immobilisation reagent prepared by 20 mg of aflatoxin B 1 dissolved in mixture of pyridine, methanol, and water in a ratio of 1 : 4 : 1.
Development of a Biosensor Platform
Deposition of Silver on the Glass
Slide. The first step in the development of the biosensor platform involved an electroless deposition of silver (plating) onto a glass slide ( Figure 1, step 1) . This is typically a wet chemical process that involved selective reduction of silver ions on a glass slide surface. Glass slides (0.4 × 1.5 cm) were immersed sequentially, for 5 min each, in deionized water and 95% (v/v) ethanol followed by removal of organic impurities in a freshly prepared Piranha solution at 90 ∘ C for 30 min. Thereafter, the slides were activated by Sn-Ag in a twostep process [13] . The slides were first activated in acidified solution of Tin IV chloride, rinsed with deionized water and subsequently sensitized in another acidified solution of Silver nitrate (AgNO 3 ) for 25 s. and finally rinsed, sequentially, in nitric acid containing deionized water, and with deionized water alone, to remove unbound Sn 2+ compounds. The activated glass slides were immersed in 2 mL of modified Tollen's reagent plating solution and rinsed with DI water after 5 min. This step was repeated six times [14] . Thereafter, the coated slides were air dried and annealed at 300 ∘ C for 6 min in a furnace under the atmosphere nitrogen. The immobilized/coated silver served as the transducer of the sensor platform. The surface of the annealed coated silver was monitored by using FT-IR between 400 cm −1 and 4,000 cm
at a scanning speed of 500 nm/min. Tollen's reagent
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Step 1: electroless silver plating.
Step 2: immobilization of cysteine.
Step 3: conjugation of aflatoxin B 1 to cysteine groups.
Step 4: blocking of aflatoxin B 1 layer with HRP.
Step 5: competitive immunosensing of aflatoxin B 1 .
of aflatoxin B 1 to cysteine groups; and (3) blocking of free cysteine groups (unconjugated to AFB1) with HRP. (Figure 1 : steps 2 to 4). In order to functionalize the sensor platform, the annealed glass|silver was immersed in the saturated solution of L-cysteine for 12 h, rinsed with distilled water, and finally dried in a stream of nitrogen gas and stored at 4 ∘ C as it awaits conjugation step. The conjugation of aflatoxin B 1 to cysteine groups immobilized onto the silver (transducer) involved an overnight incubation of the cysteine-functionalized glass/silver platform in an aflatoxin B 1 immobilization reagent and thereafter the platform was washed several times in 0.1 M phosphate buffer of pH 7.4 to remove any residual monomer and weakly bound aflatoxin B 1 molecules. The unconjugated sites of cysteine on the resultant immunosensor platform were blocked by incubating it in 0.1 M acetate buffer (pH 6.5) containing 1 mg/mL HRP at 4 ∘ C for 15 hours. The sensor platform was subsequently washed in 0.1 M phosphate buffer (pH 7.4), dried in a stream of nitrogen, and stored at 4 ∘ C until used. To make certain that the blocking step was successful, the prensence of HRP enzymes at the blocked sites was assayed using hydrogen peroxide as a substrate. The sensor was treated with 10 M hydrogen peroxide (H 2 O 2 ) in citrate buffer, pH 6.5, and the activity of horseradish peroxidase, defined by its breakdown of H 2 O 2 to water, oxygen, and two electrones, monitored by cyclic voltammetric scan. The scan was performed at a voltage ranging from 0 to −1000 mV at rate of 100 mV/s. The FT-IR spectra were measured between 400 cm −1 and 4,000 cm
at a scanning speed of 500 nm/min at every stage of sensor platform development. In order to ascertain that the change in the chromatogram when the electroless plated silver is conjugated to cysteine, FT-IR spectrum of cysteine alone was also measured between 400 cm −1 and 4,000 cm −1 at a scanning speed of 500 nm/min and plotted in the same graph for comparative purpose. For the electrochemical detection of aflatoxin B 1 using a competitive immunosensing format, the sensor platform (i.e., Glass|silver|cysteine|aflatoxin B 1 |HRP-blocked) served as a working electrode. From henceforth, sensor electrode is synonymous to sensor platform. 1 . In order to test the performance of the developed sensor platform for the detection of aflatoxin B 1 , the sensor platform served as a working electrode and a competitive immunosensing format (Figure 1 ; step 5) was performed both in the absence and presence of free aflatoxin B 1 [6] . In the absence of free aflatoxin B 1 , 5 L aliquot of aflatoxin B 1 antibody was bound onto the sensor electrode for 5 min and then the sensor was transferred to another 5 mL cell solution of 10 M H 2 O 2 in 0.1 M acetate buffer pH 6.5. Differential staircase voltammetric measurement of the working electrode was performed by scanning from 0 to 600 mV at 60 mV pulse amplitude and 20 mV/s potential scan rate. each of 0.2, 0.5, 0.8, and 1.0 ng/mL standard aflatoxin B 1 in 70% (v/v) methanol and 5 L each of the mixtures placed on sensor platform and allowed to react for 5 min. This was followed by differential staircase voltammetric measurement as described above. In order to calibrate the sensor platform, the same experiment was repeated in triplicate and the peak heights at each concentration were plotted to obtain three calibration curves. The correlation coefficient ( 2 ) and slope of the regression line of each curve were determined, and the limit of detection (LOD) was calculated from LOD = (3.3 * SD)/slope, where SD equals the standard deviation of correlation coefficient of 3 calibration curves and slope equals the mean of the slopes of the 3 calibration curves.
Electrochemical Immune Detection of Aflatoxin B
Determination of the Stability and Specificity of the Sensor
Platform. The stability of the sensor platform was monitored every week for a period of 5 weeks by determining 0.2 ng/mL of aflatoxin B 1 as described above (Section 2.3). In order to determine the specificity of the immunosensor platform, aliquots of 0.5 L each of the interfering aflatoxin molecules such as aflatoxin B 2 , aflatoxin G 1 , and aflatoxin G 2 at a concentration of 1 ng/mL were mixed with 0.5 L of aflatoxin B 1 and a concentration of 0.2 ng/mL and the concentration of aflatoxin B 1 estimated as described before (Section 2.3). This was repeated three times.
Results and Discussion
Development and Characterizations of the Immunosensor
Platform. The sensor platform was developed as described in materials and methods (Sections 2.1 and 2.2). The first step involved an electroless plating of silver metal, which would later function as an electron transducer onto glass plates. In order to functionalize the plated silver, cysteine was linked to the silver surface via the thiol group, which, in turn, resulted in the formation of amine-terminated selfassembled monolayer of cysteine residues. The amino groups of self-assembled monolayer of the cysteine residues are thus available for conjugation to aflatoxin B 1 as illustrated in Figure 2 . Wavenumber (cm −1 ) Figure 3 : FT-IR spectra of electroless silver, cysteine, and glass|silver|cysteine demonstrating glass plated with silver, standard cysteine, and cysteine immobilized on the silver by using thiol group.
The sensor platform was characterized at every step during its development, as described in Materials and Methods (Sections 2.1 and 2.2). Fourier transmittance infrared spectra (FT-IR) was performed after every step, that is, electroless silver plating, formation of self-assembled monolayer of cysteine on silver (conjugation), conjugation of aflatoxin B 1 to cysteine group, and after blocking of the unconjugated cysteine residue sites with HRP ( Figure 3) . The formation of a sulfur-silver bond was demonstrated by the vanishing of a 2500 cm −1 peak of the combined spectrum of the conjugated silver/cysteine. This peak is only present in free cysteine as seen in Figure 1 (cysteine) due to the presence of thiol (S-H) bond. However, this peak was not recorded in the FT-IR spectrum of glass-silver-cysteine, due the formation of an S-Ag bond between plated silver and cysteine instead of the S-H bond in free cysteine [15, 16] . Further confirmation of the presence of cysteine binding to the silver was demonstrated by carboxylate (-COOH) stretch vibration of cysteine recorded around 1440-1640 cm −1 as shown in Figure 3 .
In order to investigate the signal transduction of assembled immunosensor, the electrical signal generation was monitored by cyclic voltammetry at each of the steps of development of the bisensor in 0.1 M acetate buffer pH 6.5 containing 0.1 M potassium chloride and 10 M H 2 O 2 ( Figure 2 ). The unplated glass slide did not generate any redox potential over the entire scan from −1000 to 0 mV (Figure 4(a) ). The electroless-silver-plated glass [glass|silver] generated a reversible electrochemical potentialwith the anodic peak output potential magnitude of 240 mV and cathodic peak potential of 1920 mV and peak separation of ∼200 mV at 100 mV/s (Figure 4(b) ). This was because silver is a good conductor of electricity and the oxidation of silver to silver oxide and resultant reduction of silver oxide to silver led to the increase in the magnitude of redox couple [17] . However, the magnitude of the response potential decreased slightly to 160 mV (Figure 4(c) ) after conjugation of L-cysteine onto the silver. The slight decrease in response suggests that the binding of cysteine does not affect the overall electron transfer on the sensor electrode [18] . However, a large reduction was observed from 160 mV to −250 mV after the binding of aflatoxin B 1 onto the sensor electrode (Figure 4(d) ), indicating that the binding of aflatoxin B 1 on the surface of the glass|silver|cysteine sensor electrode blocked both electron and mass transfer. Nevertheless, the peak potential was restored to 160 mV after blocking with horseradish peroxidase (step 4; Figure 1 ). This could be attributed to the catalytic action of immobilised HRP that oxidize H 2 O 2 to oxygen and water in a reaction accompanied by the release of 2 moles of electrons. The electrons thus generated should account for restoration of the electrical potential to 160 mV.
Performance of the Electrochemical Immunosensor.
During the development of the sensor platform, the active sites of cysteine provided by amino groups of silver|cysteine|aflatoxin B 1 were blocked using HRP to prevent nonspecific binding of aflatoxin B 1 . Hydrogen peroxide (H 2 O 2 ), a substrate of HRP, was used to establish whether the enzyme was bound on the free cysteine residues and thus immobilised onto the sensor electrode. Cyclic voltammogram of aflatoxin B 1 immunosensor in acetate buffer (PH 6.5) in the absence (A) and presence (B) of H 2 O 2 is shown in Figure 5 . Although both the cathodic (reduction of silver takes place) and the anodic (oxidation of silver takes place) peaks ( Figure 5(A) ) observed in the absence of H 2 O 2 were long-drawn-out, the same peaks ( Figure 5(B) ) were broadened and nonsymmetrical in the presence of H 2 O 2 . The long-drawn-out peaks suggested that redox reactions involving formation of silver oxide occurred on the surface of the sensor electrode [17] . Such reactions were markedly reduced, which resulted in the decrease in the cathodic and anodic peaks in the presence of 10 M H 2 O 2 ( Figure 5(B) ) indicative of successful binding of HRP onto the surface of the sensor electrode.
In order to test the performance of the developed sensor platform for the detection of aflatoxin B 1 , the sensor platform served as a working electrode and a competitive immunosensing format (Figure 1 ; step 5) was performed both in the absence and presence of free aflatoxin B 1 (Section 2.3). The performance of the sensor electrode in the detection of varying concentrations of aflatoxins was tested using different concentrations of aflatoxin B 1 (0-1 ng/L) and differential staircase voltammogram (DSCV) [19] was used for the determination of aflatoxin B 1 (Figure 6 ). Figure 6 shows that the DSCV currents increase with a decrease in aflatoxin B 1 concentrations, suggesting that the peak potential is inversely proportional to aflatoxin B 1 concentration. This observation suggested that the increased formation of the antigen (aflatoxin B 1 ) antibody complexes with the increase in aflatoxin B 1 concentration may have shielded the active sites of HRP making it inaccessible to H 2 O 2 . This inhibition of the breakdown of H 2 O 2 should have caused a parallel decrease in electron transfer on the sensor platform [11] , hence the observed inverse relation between the potentials generated as the concentration aflatoxin B 1 increase ( Figure 6 ).
The calibration of the immunosensor platform showed that it operates within a linear dynamic range (DLR) from 0.06 to 1.1 ng/mL aflatoxin B 1 concentration, with a limit of detection (LOD) of 0.08 ng/mL. A comparison of the sensor platform with other electrochemical immunosensors for aflatoxin B 1 detection is presented in Table 1 . As noted, the DLR and LOD values of the sensor platform, [glass|silver|cysteine|aflatoxin B 1 |HRP-blocked], compare very well and in good agreement with other immunosensors reported [6, 7, 20, 21] .
Stability and Selectivity of the Immunosensor.
The stability of this sensor was monitored every week for a period of five weeks. The differential staircase voltammogram (DSCV) response of the sensor changed from 1066.7 ± 46.2 mV to 1040 ± 144.2 mV which is approximately 2.5% after three weeks, and thereafter it decreased, 1000 ± 40 mV (which is 6.3%) and 960 ± 80 mV (which is 10%), respectively, at the fourth and fifth week (Figure 7 ). This suggested that the sensor platform can effectively be used for aflatoxin B 1 and determination within two weeks without loss of accuracy. Perhaps this period may be extended if the frequency of use is low.
The determination of the response of the sensor platform to interference or crossing recognition levels and to the coexisting molecules in sample was monitored as described above (Section 2.4). There was a slight interference in the detection of aflatoxin B 1 in the presence of aflatoxin G 2 (i.e., 1.44%, which is 60 mV of the 4160 mV determined for pure aflatoxin B 1 ), followed by aflatoxin B 2 (i.e., 8.65%, which is 360 mV of the 4160 mV determined for pure aflatoxin B 1 ) (Figure 8 ). Aflatoxin G 1 interfered more with the determinations of aflatoxin B 1 (i.e., 18.2%, which is 760 mV of the 4160 mV determined for pure aflatoxin B 1 ) (Figure 8 ), suggesting that the two could have structural similarities especially in areas that recognize the antibodies. However, since five times the concentration of aflatoxin B 1 was used for each interfering molecule, it suggests that, in the excess of aflatoxin B 1 , none of those contaminants would be detected, which, in turn, suggests that the newly developed sensor platform is highly specific for aflatoxin B 1 .
Conclusion
An electroless plated silver/cysteine sensor platform [glass|silver|cysteine|aflatoxin B 1 |horseradish peroxidase] for the electrochemical detection of aflatoxin B 1 has successfully been developed and characterized, and its performance is demonstrated. The limit of detection and linear dynamic range of this sensor platform are comparable to those of other immunosensors used for aflatoxin B 1 analysis. To the best of our knowledge, this is the first work that utilises electroless plated silver technology in the construction of a sensor platform for aflatoxin analyses. While these preliminary findings indicated that this immunosensor platform can be used to build an inexpensive electrochemical biosensor device for field use, this must wait for validation of its performance using HPLC as the gold standard method. This work is currently in progress.
